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Introduction
Thermal cracking is widely recognised as a major cause of distress in asphalt pavements located in colder temperature climates such as those found in North America. Figure 1 shows thermal cracks (transverse and block cracking) on asphalt concrete pavements in Illinois. For a given pavement, the cracking temperature of the asphalt binder used is considered to be a good indicator of the lowtemperature cracking resistance of the whole pavement. Given the annual costs associated with pavement repair of damage caused by binder embrittlement due to climatic factors, considerable interest exists in testing methods to predict the cracking temperature of asphalt binders (1) (2) (3) (4) (5) (6) (7) (8) (9) . For unmodified binders, determination of cracking temperature is based on results from the bending beam rheometer (BBR) test in accordance with the standard test methods AASHTO TP1 (2) . Two asphalt binder parameters, ie the stiffness and the m-value, are determined based on the bending beam rheometer (BBR) test results at a loading time of 60 seconds. The cracking temperature is defined as the temperature at which the stiffness reaches the value of 300 MPa or the m-value reaches the value of 0.3, or moreover, the temperature at which one of the specification thresholds is reached as temperature is decreased. The cracking temperatures determined using AASHTO TP1 have been found to be predictive of low-temperature cracking in asphalt pavements constructed using unmodified binders. However, AASHTO TP1 was found to grossly over predict low-temperature cracking performance for modified asphalt binders. As a result, for modified asphalt binders, additional testing using the direct tension test (3) (DTT) was proposed to address the case of binders with a stiffness higher than 300 MPa and with an m-value greater than 0.3. Bouldin et al (4) presented methods for predicting cracking temperatures using both the BBR and the DTT test data in the so-called dual instrument method (DIM).
These methods involve the use of sophisticated computer software for computing thermal stress in asphalt binders using the bending beam rheometer (BBR) data and estimating binder strength using the direct tension test (DTT). The dual instrument method (DIM) has been proposed as a standard method (MP1A) (5) for evaluating both modified and unmodified asphalt binders. To be able to use the MP1A, sophisticated equipment (DTT and BBR) and analysis software are required. Concerns have already been raised about the expensive nature of the MP1A approach because its use has become prohibitive to many practitioners. Shenoy (6) presented results which suggested that BBR data alone may be sufficient for predicting cracking temperature without the use of DTT data. Because of the aforementioned issues, several surrogate test methods for predicting cracking temperatures (T cr ) have been developed by various investigators. Roy and Hesp (7) used the thermal stress restrained specimen test (TSRST) for predicting cracking temperatures in both notched and un-notched asphalt binders. Kim et al (8) and Kim (9) developed the asphalt binder cracking device (ABCD) for predicting cracking temperatures. The ABCD device relies on the dissimilar coefficient of thermal expansion properties between asphalt and metals to induce hoop stress in a hollow cylinder specimen cast around a rigid metal ring. Strain gauges connected to the inner side of the metallic ring are used to predict the cracking temperature, which is defined as the temperature at which the strain gauges detect a sudden change in strain. The authors reported a strong correlation between the cracking temperature values using the ABCD method and the MP1A approach. It was, however, noted that use of strain gauge based method was cumbersome. In addition, the test provides a narrow characterisation of the low-temperature binder properties. For the practical low-temperature evaluation of binders, binder blends and mixtures for the purpose of formulation, design, control and forensics, there is still a need for a test which is rapid, simple, compact, portable and applicable to all modern binder types. Acoustic emission (AE) is a promising technique for evaluating embrittlement in asphalt binders since it has been used successfully in other materials. The objective of this study is to evaluate the feasibility of using an acoustic emission approach to assess low-temperature cracking susceptibility of asphalt binders used in pavements in colder environments.
Acoustic emission testing of bituminous mixtures
Acoustic emission (AE) is the class of phenomena whereby transient elastic waves are generated by the rapid release of energy from localised sources within a material (10) . AE techniques have proven to be very powerful for the detection and assessment of damage processes in materials under different loading conditions. For example, AE techniques have been used to study steels (11, 12) , to characterise crack nucleation and growth in rocks (13) (14) (15) (16) (17) , to evaluate concrete (18) (19) (20) (21) (22) , to characterise wood products (23) (24) (25) (26) and to study cavitation in hydroturbines (27) . The use of AE for evaluating bituminous materials dates back several decades. Khosla and Goetz (28) used AE techniques to detect crack initiation and propagation in indirect tensile (IDT) specimen at -23ºC. The study found that failure by fracture is indicated by a sharp increase in total AE counts and that significant AE count occurs at about 80% of peak load. Valkering and Jongeneel (29) used AE to monitor temperature cycling tests with restrained asphalt concrete specimens at low temperatures (10ºC to -40ºC). They observed that the repeatability of AE measurements is good, that the AE activity (number of events) correlates with thermal fracture temperatures, and that the AE activity in restrained specimens at low temperatures is caused by defect initiation in the binder. Hesp et al (30) used AE measurements to detect crack initiation and propagation in restrained specimens at low temperatures (-32º to -20ºC). They concluded that the SBS-modified mixtures gave less AE activity than unmodified mixtures. Li et al (31) used AE techniques to characterise fracture in semi-circular bend asphalt specimens at low temperatures (-20ºC). They concluded that large amounts of accumulated AE events occur at 70% of material strength, that the maximum intensity of AE peaks correlates with the development of macrocracks, and that the location of AE events suggests that a process zone forms before peak load. Nesvijski and Marasteanu (32) used an AE spectral analysis approach to characterise fracture in semi-circular bend asphalt specimens at low temperatures, and concluded that an AE approach could be used for evaluation of asphalt pavements.
Experimental procedure
In this study, thermally-induced cracking in asphalt binders was studied by subjecting thermally restrained thin films of asphalt binders to low temperatures ranging from 15°C to -50°C, while monitoring the acoustic emission activity. Figure 2 presents a schematic representation of the AE system set-up. The asphalt films attached to the granite substrates were positioned in the temperature chamber as shown in Figure 3 . All asphalt mixtures were tested in a chamber that used dry ice as the coolant. The wideband AE sensors (Digital Wave, Model B1025) with a nominal frequency range of 50 kHz to 1.5 MHz were coupled to the granite substrate using high-vacuum grease as shown in Figure 3 (a). Figure 3(b) shows the typical cooling rates measured during testing. To reduce extraneous noise, the signals from the two AE sensors were pre-amplified by 20 dB using broadband pre-amplifiers. The signals were then further amplified by 21 dB (for a total of 41 dB) and filtered using a 20 kHz high-pass double-pole filter using the Fracture Wave Detector (FWD) signal conditioning unit. A threshold voltage of 0.1 V was used. The signals were then digitised using a 16-bit analogue-todigital converter (ICS 645B-8) using a sampling frequency of 2 MHz. The data was then stored for later processing using Digital Wave software (WaveExplorer TM V7.2.6). The temperature was monitored and recorded using a K-type thermocouple, which was connected to one of the four parametric input channels on the FWD unit via a K-type thermocouple adapter. To understand and minimise the amount of extraneous information contained in the captured AE data, the following steps were taken. A clean granite slab without asphalt films was instrumented with AE sensors and stored in the temperature chamber and monitored as the temperature dropped from 15°C to about -50°C under similar conditions as described for testing the asphalt films. The amplitude, frequency and energy of the captured data were filtered until no AE activity was detected. As a result, it was determined that all signals with a frequency less that 80 kHz and energy lower than 4 V 2 -μs should be filtered out. All acoustic emission results presented herein are based on the above filtering procedures.
Materials tested and sample preparation
The standard AASHTO procedures for predicting cracking temperature of asphalt binders is based on PAV-aged binders. As a result, to study the effect of ageing on the cracking temperature, un-aged binders were tested in addition to binders submitted to the long-term PAV ageing protocol. Table 1 shows the four Strategic Highway Research Program (SHRP) core asphalt binders (ie AAG-1, AAD-1, AAA-1 and AAF-1) tested in this study. The SHRP (1) research programme produced a new grading system for asphalt binders called the Superpave Performance Graded (PG) Binder Grading System. The Superpave PG system is a dual-classification system, where performance across a range of pavement service temperatures is addressed through a suite of tests. Based on the PG grading system, the binders tested in this study, ie AAG-1, AAD-1, AAA-1 and AAF-1, are designated PG 58-16, PG 58-28, PG 58-28 and PG 64-22, respectively in the Superpave PG specification. For example, the AAG-1 binder, which has PG 58-16 grade designation, is intended for use in an environment where the average seven-day maximum pavement temperature is expected to be no more than 58ºC and where the minimum pavement design temperature is not expected to drop below -16ºC. These binders were selected because they exhibit very different ageing and thermal cracking susceptibility. Un-aged (tank) samples of all the binders were tested. In addition, two of the binders (ie the AAD-1 and AAG-1 binders) were also long-term aged in a pressure ageing vessel (PAV) before being tested using rheological and acoustic emission test methods. Thin rectangular asphalt binder films (12.5 mm wide by 125 mm long) were used. To explore the dependence of the AE results upon the binder thickness, two sample thicknesses (2 mm and 6 mm) were used. This test sample geometry was chosen because of its similarity to samples typically used for low temperature binder tests such as the bending beam rheometer (BBR) and direct tension (DTT) test methods. For the 6 mm-thick films, existing BBR moulds were modified by wrapping them with Teflon tape as shown in Figure 4 . The effects of different frictional restraints on thermal cracking were not considered since only granite slabs with saw-cut faces from a single source were used. Granite was used to mimic bonding between asphalt binder and aggregates in actual pavements. To ensure proper bonding and restrain between the asphalt binder films and the substrate, a 10 mm-thick square granite slab with 150 mm on the side was preheated to about 120°C. The mould was placed on the heated slab and asphalt binder at a temperature of 135°C was poured. This procedure ensured very good bond between the asphalt binder and the granite substrate. Acoustic emission activity of the thermally restrained asphalt samples was monitored continuously for temperatures ranging from 15°C to as low as -50°C.
Rheological properties using the bending beam rheometer (BBR) testing procedure
The standard procedure for determining the critical cracking temperature of asphalt binders requires the use of the bending beam rheometer (BBR) determined parameters, ie the creep stiffness and the m-value. The creep stiffness is evaluated at a loading time of sixty seconds at a temperature of 10ºC above the low temperature grade designation for the binder, and the m-value is defined as the slope of the log of the creep stiffness versus the log of the loading time curve at a loading time of 60 seconds (1, 2) . The m-value provides an indication of the rate of change of the creep stiffness versus time (1, 2) , and is thought to represent the stress relaxation characteristics of the viscoelastic binder. Detailed rheological data on the binders studied is presented later in this paper (Tables 2 and  3 ). The procedure for evaluating the critical cracking temperature of asphalt binders is based on the determination of the temperature at which the binder's tensile 'strength' equals the thermally induced stresses (2) . The standard procedure (for both modified and unmodified asphalt binders) involves comparison of pavement thermal stresses computed from the binder stiffness data obtained from the bending beam rheometer (BBR) test with binder strength data measured using the direct tension test (DTT). Recent studies, Shenoy (6) , indicate that the critical cracking temperature could be obtained directly from the BBR data without the use of the DTT data. The modified procedure uses thermal stresses computed from the BBR binder data alone to estimate the intersection of the two asymptotic thermal stresses build-up rates to define the critical cracking temperature (6) . For unmodified asphalt binders, the critical cracking temperature could be obtained as the temperature at which stiffness obtained in the BBR approach reaches a value of 300 MPa or the m-value reaches a value lower than 0.3 after 60 seconds of loading at a temperature of 10°C above the low temperature grade designation. Using the BBR approach, data for at least two temperatures (T i and T i -6°C) is required, ie the stiffness values for S(T i , 60 sec) < 300 MPa and S(T i -6°C, 60 sec) > 300 MPa are required. The procedure for unmodified binders was used in the current study to estimate the critical cracking temperature using BBR data for the asphalt binders including AAD-1 and AAA-1 (ie PG 58-28), and AAF-1 and AAG-1 (ie PG 58-16).
Results and discussion
AE activity due to thermal loading of the asphalt binders was evaluated using event counts and energy. An event was defined as an individual waveform with an energy greater than 4 V 2 -μs and a frequency greater than 80 kHz. Figure 5 shows a typical waveform associated with an event measured in this study (in this case, the energy associated with this event was also the first to exceed a threshold of 1050 V 2 -μs for the test run). In this paper, energy (33) (34) (35) is defined as the integral of the square of the voltage over the event duration. Figure 6 shows a plot of energy versus event count for AAG-1 in the PAV-aged condition. The sudden jump in AE energy was observed to occur within the first 5% of the total cumulative event counts. This observation was true for all the binders tested. It was also observed that AE events of high energy clustered around a narrow temperature range. The event number at which the first peak energy (for example, exceed a threshold of 1050 V 2 -μs) was observed to vary from test to test, but for a given binder the temperature associated with the first peak energy was consistent.
To explore this observation further, the temperature associated with the event representing the first sudden jump was evaluated as shown in Figure 7 for AAD-1 and AAG-1 binders. The unique peaks occurred at -15°C and -30°C for AAG-1 and AAD-1 binders, respectively. These temperatures are very close to the known cracking temperatures of the binders AAD-1 and AAG-1 in the PAV-aged condition. Figure 8 shows typical AE cumulative events versus temperature for the binders tested. The effect of binder type on AE activity is apparent. The results agree with the rheological data presented in Tables 2 and 3 . From these tables, asphalt binders AAD-1 and AAA are the softest, followed by the binder AAF-1, with binder AAG-1 being the stiffest. The results suggest that the AE approach is sensitive to binder type. There appears to be accelerated AE activity just below -10°C for AAG-1 binder compared to -28°C for AAD-1. Observations similar to those shown in Figure 8 were made for all the different binder types and age levels considered. It was observed that the number of AE events increased with a decrease in temperature for all binders. At a given temperature, the stiffer AAG-1 binder appears to be 'noisier', as indicated by the larger number of AE events, than the AAD-1 binder. This rapid increase in AE activity has also been correlated with incidence of thermal cracking by Sauzéat et al (36) . Figure 9 compares cumulative events and cumulative energy versus temperature for the AAD-1 binder using four replicates. It was observed that the plots fall on each other up to a point and then they diverge significantly, ie the terminal cumulative energy and the total number of events was different among the different replicates of the same binder. To investigate this further, a plot of cumulative energy versus cumulative events for the first 60 events is shown in Figure 10 . For all four replicates, events with energy equal or larger than 1050 V 2 -μs (which defines the cracking critical temperature) occurred within 35 events. An almost one-to-one relationship between cumulative energy and cumulative event is apparent from Figure 10 for the AAD-1 binder. The results shown in Figure 10 suggest that the same amount of energy may be required to initiate cracking in asphalt binders; however, once cracks have been initiated, the subsequent propagation of cracks may be random. The consistency of the relationship between event versus temperature and energy versus temperature was apparent in all cases tested. In all cases, there appears to be a narrow temperature range at which a spike in AE activity is observed. Here, it appears that for each binder type/age a similar amount of energy was responsible for cracking to occur. The softer AAD-1 binders, for instance, exhibited the first peak energy of 1165 V 2 -μs at -29.8°C, compared to the initial peak energy of 1050 V 2 -μs at -14.1°C for the stiffer AAG-1 binder. It was also observed that the temperature corresponding to the first peak energies of the PAV-aged binders occurred close to their SUPERPAVE low PG temperatures.
Acoustic emission based critical temperature (T cr ) measurements
Based on the above results, the temperature associated with the first event with energy equal to 1050 V 2 -μs or greater is assumed to be the cracking temperature of the asphalt binder being tested. For example, recalling the results shown in Figure 7 , it appears that the rate of AE activity increased significantly near the typical AASHTO TP1 cracking temperatures of -16°C and -28°C for the AAG-1 and the AAD-1 binders, respectively. Table 4 summarises the AE-based cracking temperatures for all the binders tested as described above. Each cracking temperature value reported in Table 4 represents the mean of at least three replicate samples. As expected, the cracking temperature for the softer AAD-1 binder was lower than for the AAG-1 binder. Table 4 also shows that the AE predicted cracking temperature for the binder film thicknesses of 2 mm and 6 mm were not significantly different. To provide additional insight into the above observations, the first peak energy previously defined (ie the energy of an AE event with energy equal or greater than1050 V 2 -μs) for all the binders were compared and the results are presented in Figure 11 . Figure 11 shows that AE energy for the binders increased with film thickness. This is expected since the thicker the test sample, the higher the energy required to fracture. Figure 11 also shows that the energy released decreases with ageing. This could also be explained by the fact that ageing causes asphalt binders to be more brittle. Embrittlement due to ageing and temperature manifests itself as lower fracture energy in mechanical testing of asphalt binders and mixtures. Unlike most fracture tests on binders, where reported coefficient of variability values in excess of 40 or even 50% are not uncommon (Marasteanu et al, 2007) , the AE-based cracking test method developed in this study was found to produce very low COV values. As shown in Table 4 , COV values ranged between 1.6% and 10.4%, with an average value of 5.8%. 
Comparison between AE-based cracking temperatures (T cr ) and Bending Beam Rheometer (BBR) based cracking temperatures
For the purpose of comparison and validation, cracking temperatures for the tested asphalt binders were also calculated using traditional rheological methods. The standard procedure for determining the cracking temperature of unmodified asphalt binders requires the use of two parameters (ie stiffness and m-value) determined from a bending beam rheometer (BBR) test. The procedure is based on the determination of the temperature at which the BBR parameters equal specification threshold values of 300 MPa and 0.3 for the stiffness and the m-value, respectively, for the specification evaluative loading time, which is 60 seconds. For modified binders, thermal stresses computed using BBR data are used in combination with Direct Tension (DT) test data to predict cracking temperature as discussed below. Tables 2 and 3 show the stiffness values and the m-values, respectively, obtained from the BBR protocol for all the binders studied. 
Critical Temperatures (T cr ) based on AASHTO TP1 protocol
The procedure for unmodified binders was used in the current study to estimate the cracking temperature using the BBR test data shown in Tables 2 and 3 . Comparison of AE-based T cr and TP1 protocolbased T cr is shown in Figure 12 . As indicated in Figure 11 , AE-based critical temperature predictions correlate very well (R 2 =0.90) with the critical temperature predictions by using the standard AASHTO TP1. The results indicate that AE-based predictions were slightly more conservative than those based upon AASHTO TP1, as indicated by the higher cracking temperatures. The slight differences observed are not unexpected, since AASHTO TP1 critical parameters are based mainly on viscoelastic bulk properties of the asphalt binder whereas the AE testing procedure used herein directly assesses thermally-induced cracking behaviour, which incorporates the thermo-volumetric, viscoelastic and fracture properties of the binder.
Critical temperatures (T cr ) based on MP1A protocol
To further evaluate the cracking temperature results obtained using the AE-based method, the AASHTO MP1A was also used to estimate cracking temperatures. Predictions based upon the MP1A protocol have been shown to better correlate with performance of asphalt pavements, especially those constructed with modified binders. Here, the modified approach using only the BBR stiffness test data, as suggested by Shenoy (6) , was used. In this approach, thermal stresses are calculated based on the Boltzman superposition principle for linear viscoelastic materials using the convolution integral relationship between stress response and strain input as indicated by the following Equation 1:
where, σ = thermal stress E = relaxation modulus, and ε = strain. Estimation of thermal stresses based on Equation 1 is computationally intense and specially designed computer software is required. For this study, specially designed software (Marasteanu et al (37) ) was used to estimate the thermal stresses. The intersection of the asymptote through the straight portion of the thermal stress and the temperature axis as illustrated in Figure 13 is considered to be the cracking temperature. The results from using the MP1A protocol, as in the case of the TP1 protocol, also correlated well (R 2 =0.86) with AE-based predictions as shown in Figure 14 , although they did not fall directly on the unity line. Table 5 shows a comparison of AE predicted cracking temperatures with the predicted cracking temperatures using the TP1 and MP1A protocols. The results confirm earlier suggestion that the AE-based method may be useful in evaluating low-temperature cracking in asphalt binders. It should be noted that the comparison of fundamentally different laboratory tests only serves as a first order validation of the new AE-based binder testing procedures proposed herein. More rigorous validation of the method will involve gaining a more fundamental understanding of the fracture mechanisms produced in the proposed testing method, which can be accomplished through numerical simulation of the test method. In addition, comparison of AE-based cracking temperatures with field performance data will also provide more direct validation of the new method. 
Conclusions
Beam-shaped asphalt binder specimens moulded on granitic substrates and rapidly cooled from 15°C to -50°C produce acoustic emission activity due to induced stresses caused by a mismatch in the corresponding coefficient of thermal contraction of the materials. It was observed that the acoustic emission activity resulting from the thermal contraction of the asphalt binders is sensitive to binder type and level of ageing. Binders subjected to the laboratory ageing released higher AE elastic energy at warmer temperatures than softer un-aged binders. In this study, the AE-based cracking temperature is assumed to be the temperature at which the first event with energy greater than 1050 V 2 -μs occurs. The AE-based cracking temperatures for the asphalt binders tested in this study appear to be in good agreement (R 2 = 0.90) to cracking temperatures determined using standard procedures, based upon the bending beam rheological (BBR) test data. In addition, the test method was found to have excellent repeatability, with an average COV of 5.8%. The results of the study suggest that the acoustic emission approach presented herein could be used as a simple and rapid tool to evaluate low temperature cracking behavior of asphaltic materials. Unlike the TP1 and the MP1A protocols, the presented AE approach does not require the use of sophisticated software for predicting thermal stresses, and no assumption is required regarding the testing cooling rate and the binder coefficient of thermal contraction. However, additional asphalt binder testing and simulation aimed at optimising the testing protocol for routine use and validation of the method with direct comparison to field data is still needed.
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